Abstract. This study focuses on the effect of crosslinking density on the mechanical response of polystyrene-co-divinylbenzene (PS-DVB) particles under compression by means of nanoindentation-based flat punch method combined with SEM observation of particle morphologies. The monodisperse PS-DVB particles with about 5 !m in diameter are produced by the Ugelstad activated swelling method and the crosslinking density defined as the weight percentage of activated crosslinker DVB during the preparation process varies from 2.0 to 55.3%. Results show that the particle stress-strain behaviour is independent of the crosslinking density if the strain is less than 10%. With increasing strain level over 10%, a higher crosslinking leads to a stiffer behaviour of the particles. While slightly crosslinked (2.0 and 5.0 wt%) particles undergo plastic deformation with crazing and residual strain, highly crosslinked (21.3, 32.0 and 55.3 wt%) counterparts experience perfectly viscoelastic deformation. The crosslinking density significantly influences the fracture property as well as the failure morphology. Slightly crosslinked particles become permanently deformed after compression, while highly crosslinked ones are entirely fragmented once a critical strain is reached.
Introduction
Micron-sized polymer particles have been widely used in chemical analysis and biotechnology, such as chromatographic supports, molecules carriers, additives in coating and ink products, and so on [1] [2] [3] . Recently increasing attention has been drawn to the use of polymer particles in electronic packaging technologies, for example Anisotropic Conductive Adhesive (ACA) by metallizing polymer particles [4, 5] . The use of metalized polymer particles with a typical size in the range of 3~10 !m, as substitute for compact metal particles, brings significant advantages in terms of decreasing package size, reducing environmental impact, increasing the interconnection compliance and hence improving the electrical reliability. To obtain a low resistance connection, large contact area between the particles and the contact pads is preferred, and thus the particles are exposed to a deformation exceeding 30% [6] . The mechanical characterization of particles under such a large deformation is necessary in order to ensure the electrical performance. Polystyrene-co-divinylbenzene (PS-DVB) particles, due to their good mechanical properties, susceptibility to chemical modification and adaptability in a wide pH range, have been utilized in numerous applications, including in electronic packaging technology [7] [8] [9] [10] . There are several methods available to synthesize crosslinked PS-DVB particles, such as suspension polymerization, dispersion poly-
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Crosslinking effect on the deformation and fracture of monodisperse polystyrene-co-divinylbenzene particles merization, emulsion polymerization and seeded polymerization. However, these methods more or less have limitation on the preparation of PS-DVB particles for ACA. For example, by using suspension polymerization the particle size distribution is largely determined by stirring intensity, resulting in a broad size distribution and large particle diameter in the range of 20~1000 µm [11] . Dispersion polymerization is usually utilized to prepare particles with a low crosslinking density less than 1 wt%; otherwise it will lead to irregular shapes of particles [12] . The drawback of emulsion polymerization is that the technology for the required emulsion breaking is difficult to control [13] . Seeded polymerization is a relatively promising method to produce crosslinked particles but the enlargement of particles has been a hard work [14] . In contrast, the reformed seeded polymerization, known as Ugelstad method, has been developed to prepare highly monodisperse polymer particles which are wellcontrolled with a wide range of particle size, chemical composition and surface property [15, 16] . In this study the Ugelstad method has been used to prepare monodisperse PS-DVB particles with same size and different crosslinking density. Most theoretical and experimental studies on the mechanical properties of polymer materials have focused on bulky samples under tensile or shear test. The literature concerning mechanical properties of individual free-standing particles is relatively sparse and the existing ones mainly deal with particles larger than 100 !m [17] . Due to the small volume, spherical geometry and large deformation of polymer particles involved in ACA application, the mechanical characterization of individual micron-sized particles challenges the conventional experimental techniques in aspect of testing scale and resolution [18] . To cope with this, a nanoindentation-based flat punch method has been developed to successfully measure mechanical response of individual particles under compression [19, 20] . The deformation behaviour and failure properties of individual metal coated and uncoated polymer particles have been systematically investigated [21] [22] [23] . In a previous study, a striking size effect on the stress-strain relationship of PS-DVB particles with identical crosslinking density but different size has been discovered, which indicates that the smaller the diameter is, the harder the particle behaves [24] . In this work, we extend our research to another horizon toward the effect of crosslinking density on the mechanical properties of PS-DVB particles. The particles with identical size but different crosslinking density are measured by using the nanoindentation-based flat punch method. The nominal compression stress-strain behaviors of individual particles are obtained, and the deformation process as well as fracture properties of particles are analyzed with respect to the crosslinking density. The results facilitate the design of the crosslinked PS-DVB particles with desired mechanical properties.
Experimental 2.1. PS-DVB particles
Five groups of PS"DVB particles were synthesized by means of Ugelstad method, which was based on seeded polymerization and emulsion polymerization, involving a two-step activated swelling process, as shown in Figure 1 [15, 16, 25] . The particle matrices were poly(styrene-co-divinylbenzene). The crosslinking density of particles was determined by the amount of crosslinker " activated DVB during the synthesis, covering the following percentages 2.0, 5.0, 21.3, 32.0 and 55.3% by weight. The size of particles was controlled around 5 µm. The size distribution within each batch, given by the coefficient of variance (C.V.) was less than 3%, where C.V. was defined as the ratio of the standard deviation to the mean diameter. All PS-DVB particles were of amorphous type at room temperature. It was found that the glass transition temperature T g of non-crosslinked linear polystyrene was about 100°C, and T g increased while the thermal expansion coefficient decreased with increasing crosslink- Figure 1 . Preparation of highly monodisperse PS-DVB particles by using Ugelstad method, S: seed; D: divinylbenzene; St: styrene; P: particle ing density [26, 27] . This implied that all particles remained amorphous during the measurement at room temperature. According to the crosslinking degree, particles could be divided into two groups in which PSA and PSB were slightly crosslinked and the rest three PSC, PSD and PSE were highly crosslinked. The dispersion method developed in the previous study was used to obtain individual particles [24] . The particles and the corresponding physical properties are given in Table 1 .
Nanomechanical test
The mechanical testing of particles was performed by using the nanoindentation-based flat punch technique (TriboIndenter ® Hysitron) [19] . It could be considered as an inverse nanoindentation schematically shown in Figure 2 . Instead of an ordinary sharp indenter with pyramidal or spherical geometry for nanohardness measurement, a diamond flat punch with a flat end of about 10 !m in diameter was designed to compress individual particles. The standard load-control mode for common nanoindentation measurement was employed, in which the applied load followed a predefined load function. A three-step loading protocol was used, including linear loading with 2 mN/s loading rate, 2 s holding at the peak load and linear unloading with -2 mN/s loading rate. The applied force and the contact displacement were monitored during test and the realtime force-displacement relationship was obtained. The compression test was repeated on different individual particles from the same group to ensure the repeatability of the results. Experience with Ugelstad PS-DVB particles proved that particles from the same manufacturing batch showed remarkably consistent behaviour [24] . This indicated a homogeneous material from perspective of geometry and microstructure, even with highly reproducible experimental setup.
SEM observation
The as-prepared particle morphology was characterized by using scanning electron microscope (SEM) (FEI Helios NanoLab DualBeam™). The applied electron high tension (EHT) and the working distance (WD) were set to 5.0 kV and 4.0 mm, respectively. The fracture pattern was examined by a field emission SEM (Zeiss Ultra 55 LE FESEM ® ). Prior to imaging, the compressed particles rested in a clean environment for two weeks in order to complete the recovery of potential residual deformation. To minimize the damage from the electron beam and charge dissipation, the EHT and WD were set to relatively low values 0.5 kV and 2.0 mm.
Results and discussion 3.1. Particles morphology
The surface morphologies of five groups of PS-DVB particles obtained by Ugelstad method are shown in Figure 3 . The monodisperse size distribution and the spherical shape of particles are displayed, which indicates the well-controlled process of Ugelstad method. The particles with different crosslinking density keep nearly identical size about 5 !m in diameter. While the surfaces of the slightly crosslinked particles are smoother than that of the highly crosslinked ones. Tiny pores on the surface of highly crosslinked particles exist and aggravate with the increasing crosslinking density. During the synthesis of particles, the polymerization is a coupled process of chemical (reaction) control and diffusion control. Resulting from an inhomogeneous distribution of crosslinking monomer, an inhomogeneous microstructure consisting of granules can form [28] . The granules can be considered as the aggregates of typically tiny particles with higher crosslinking density than the average. These highly crosslinked aggregates act as inclusions or second phase particles within polymer. Figure 2 . Schematic of the nanoindentation-based flat punch test
Although they are in an ultrafine scale, the presence of such aggregates strongly affects the mechanical properties of polymer matrix. It has been observed that the more densely crosslinked polymer is more heterogeneous and the crack in such polymer materials propagates in the regions with a relatively low crosslinking density between highly crosslinked clusters, which is consistent with our findings [28] .
Compression behaviour
Systematic experiments show that the two slightly crosslinked particles have nearly identical behaviour and three highly crosslinked ones follow the same deformation pattern. The representative forcedisplacement curves of the lowest crosslinked particle PSA and the highest crosslinked PSE are plotted in Figure 4 and Figure 5 , respectively. The com- pression peak loads are 1.5 and 20 mN applied on PSA, and 5 and 20 mN on PSE. In each figure two or three force-displacement curves of virgin particles are presented. It can be observed that the loading segments of the two groups of particles are repeatable and consistent. This is in contrast to bulky polymer materials in which the mechanical properties, especially the fracture point, often show a large scatter due to heterogeneous microstructure, and microscopic defects including variation in local crosslinking density and anisotropy, etc. [29] . The particle deformation is defined as the ratio of the contact displacement to the undeformed particle diameter. Under the compression at small peak load 1.5 mN, particle PSA hardly recovers any deformation, while PSE compressed to 5 mN shows over 60% recovery of the deformation immediately after unloading. When compressed to the peak load 20 mN, the particle PSA deforms continuously although a significant displacement burst occurs on the loading segment of PSE. The displacement burst, also called 'pop-in', implies destructive failure of the particles [20] . Whereas the displacement increases a relatively large extent at the pop-in, the contact force drops because infinitesimal counterforce arises from the crushed particle. During unloading both particles have negligible deformation recovery. For the two slightly crosslinked particles we found that even increasing the peak load to 30 mN there is no displacement burst. Moreover, the three highly crosslinked particles always show a large deformation recovery when unloading starts prior to the displacement burst. The characteristic SEM images of particle PSA and PSE corresponding to the force-displacement curves in Figure 4 and Figure 5 are shown in Figure 6 . All images are taken from the top view, in the direction of compression. While undeformed particle PSA has a smooth surface morphology, PSE is relatively rough. In Figure 6a , for particle PSA compressed at 1.5 mN peak load, a flattened surface area is observed which corresponds to the expected contact area and indicates the residual deformation. Isolated crazes can be observed, as indicated by arrows in the corresponding micrograph. The craze formation is originated from the tensile region of deformed drum-like particles under compression. When the peak load is up to 20 mN, the particle becomes oblate with a large number of interacted crazes around the edge. In Figure 6b , particle PSE shows a drastically different behavior from particle PSA. In the case of compression at the peak load of 5 mN, there is no craze, even no evidence of the contact area observed. The particle completely recovers the residual deformation presented in Figure 5a and has identical size with the undeformed one. Further compressing the particle to 20 mN, fragmentation occurs.
The results of compression test and SEM observation suggest that the slightly crosslinked particles behave plastically with the presence of local brittle crazes and residual deformation after unloading; while the highly crosslinked counterparts display viscoelastic behaviour, which recover completely within a certain time after unloading.
Deformation process and fracture
Both microstructure and geometry influence the mechanical response of the particle. To eliminate the effect of variation in particle size, the force-displacement results are normalized to the stressstrain relationship. Similar to the previous study, the nominal compression stress-strain relationships of the particles are adopted, as shown by Equations (1) and (2) [18]:
where ! C is the nominal compression stress, " C is the nominal compression strain, R is the initial radius of the particle, P is the contact force, and D is the particle displacement. The nominal compression stress-strain curves of the five groups of parti- cles at different strain levels are plotted in Figure 7 . The focus of this study is on the loading behaviour of particles, thus the holding and unloading segments on the stress-strain curves are disregarded.
During the large deformation of particles under compression, the contact between the particle and punch/substrate changed from point to a finite area continuously and the spherical geometry induce highly nonlinear stress-strain behaviour. At small strain level below 10%, as shown in Figure 7a , the stress-strain behaviour of particles appears independent on the crosslinking density, indicating that the reduced E-modulus at small strains are similar for different crosslinked particles. The macroscopic elastic deformation is mainly determined by the elastic properties of the polymer chain [30] ; accordingly the effect of different crosslinking density is suppressed. However, as the strain increases over the level of 10%, the effect of crosslinking becomes pronounced. The higher crosslinking density induces stiffer behaviour, as shown in Figure 7b . At this stage, a significant rearrangement of the polymer chains for the slightly crosslinked particles is expected, whereas the structure is much more locked for the highly crosslinked ones. The major difference occurs at high strains where the two slightly crosslinked particles PSA and PSB can deform up to 80% without stress drop, while the highly crosslinked PSC, PSD and PSE show a complete fragmentation of the particles. The compression stress of PS-DVB particles at different strain levels are summarized in Figure 8 where the distinct effect of crosslinking density is illustrated. At the strain level less than 10%, the effect of crosslinking density is relatively mild, as shown in Figure 8a , for example the five groups of particles have nearly identical compression stress when the stain level is 2%. As increasing the strain level above 10%, the effect of the crosslinking density becomes more and more evident. To deform the five groups of particles to a relatively large strain level, the compression stress dramatically raise with the crosslinking density. The deformation behaviour in polymer materials is often classified in three modes: plastic behaviour, rubber-like behaviour and brittle fracture behaviour [31] . Non-crosslinked linear polystyrene is found to exhibit brittle crazing in tension, while plastic behaviour in compression through shear banding or shear yielding [32] . Crazing is a localized yielding behaviour and characterized as whitening of the polymer in the region of maximum deformation through formation of micro-cracks, which are bridged by polymer fibrils. Shear banding, which is highly dependent on temperature and strain rate, is featured by planes of slip at 45° to the direction of stress and involves the local orientation of the polymer. For bulky crosslinked polymers, it is known that the mechanical properties are sensitive to the crosslinking density [33] . Crosslinking increases the tightness of the polymer network and limits the molecular mobility of chains between the junctions. The randomly crosslinked network of polymers undergoes a transition from a fluid to an amorphous solid state behaviour as the crosslinking increases [34] . The characteristic length between crosslinking decreases with the increasing crosslinking density. This means that the available degrees of freedom in rearranging the molecular chain decreases with an increasing degree of crosslinking. However, in the present work, the spherical geometry increases the complexities of the stress and strain distribution in the particle. The compression on the particles induces a drum-like pattern consisting of both compressive and tensile components.
The maximum tensile stress induced by the compression is located in the circumferential direction Thus a number of crazes at the toroid surface and residual deformation are observed on the slightly crosslinked particles with plastic behaviour, whose deformation is comparable with the linear polystyrene. There is no definite yielding point on the stress"strain curves but a long plateau implying the plastic flow following by strain hardening, as shown in Figure 7b . With increasing crosslinking density, the crosslinking restricts the deformability and three highly crosslinked particles show viscoelastic behaviour. The SEM observation confirms full recovery of particles or fragmentation at high peak load without craze formation although there are compressive and tensile region during compression. When increasing the crosslinking density from 5.0 to 21.3 wt%, the particle deformation changes from plastic deformation to viscoelastic behaviour. Due to the lack of PS-DVB particles located in the region between 5.0 and 21.3 wt% of crosslinking density, the more detailed information of the shift of fracture pattern is not available. According to the nature of polymer materials, this change is influenced by strain rate and temperature. It is difficult to define an exact shift point of a critical crosslinking density. It is worth noting that the deformation and fracture pattern of particles observed in this study is simply valid for the PS"DVB particles within the sampling crosslinking density. As mentioned above, the crosslinking density is determined by the amount of DVB containing two vinyl groups during particle preparation. When adding more DVB, it might be supersaturated and not fully reacted with styrene monomer. It will result in a lower effective crosslinking density than calculated from the amount of DVB.
Conclusions
By using a nanoindentation-based flat punch method, the effect of the crosslinking density on the mechanical properties of monodisperse PS-DVB particles has been systematically investigated. The monodisperse PS-DVB particles are prepared by the wellknown Ugelstad activated swelling method. The amount of crosslinking agent in the particles varies from 2.0 to 55.3% by weight and the diameter of particles is kept around 5 !m. The deformation mechanism of slightly crosslinked particles has been clarified to be plastic behaviour while highly crosslinking ones are viscoelastic. At the strain level below 10%, particle deformation appears to be nearly independent of the crosslinking density. This is associated with the elasticity of styrene segments between neighboring crosslinking points. With the increase of strain, the crosslinking density effect becomes pronounced. The major difference occurs on the fracture behaviour. The slightly crosslinked particles show densely crazes and the failure of the highly crosslinked ones is presented by the direct evidence of fragmentation. The mechanism behind the observation is that the high crosslinking restricts the deformability of particles and also causes a heterogeneous microstructure.
